We present the different optofluidic lasers which have been realized using the Femtosecond Micromachining technique to fabricate the monolithic optofluidic structures in glass chips. We show how the great flexibility of this 3D technique allows getting different kind of optical cavities. The most recent devices fabricated by this technique as ring shaped and Fabry-Perot resonators show excellent emission performances. We also point out how the addition of the inkjet printing technique provides further opportunities in realizing optofluidic chips.
Introduction
A milestone for the present research on optofluidic devices is represented by the work reported in 2003 by the group of Kristensen presenting the first example of "micro cavity fluidic dye laser" [1] . In that case the laser cavity was realized inside a microfluidic channel using metallic mirrors coated on the top and bottom of glass substrates which were sealed together. A multi-step process based on UVlithography was used to build the microfluidic channels in the photoresist SU8. After this work several demonstrations of optofluidic lasers have been reported. In many cases the distributed feedback configuration (DFB) has been exploited to achieve challenging features such as low pump thresholds [2] , tunable wavelengths [3] , and single mode of operations [4] . In general the realization of these devices requires several processing steps, usually combin-ing electron-beam and photo-lithography with soft lithography. Fabry-Perot resonators have also been realized by coating metallic mirrors on the edge of optical fibers or on the sides of the microfluidic channel [5] [6] [7] [8] . Also in these cases the fabrication of the microfluidic structure required many steps resulting in a critical alignment of the laser cavity sub-parts.
High quality factor Q optical resonators have been realized as ring-shaped cavities fabricated on chip [9, 10] . Their resonances are given by the whispering gallery modes and allow lasing on a broad range of emission wavelengths. However these devices were realized with soft materials (like polydimethylsiloxane-PDMS) with limited chemical compatibility and hydrophobic behavior, that makes difficult their use in practical systems. Moreover, in such a case, the gain medium delivered into the resonator can degrade the quality factor of the cavity and the overall optical performance of the device.
On the other hand the actual spread of optofluidic lasers in the lab-on-chip (LOC) systems will be possible if they can be realized by using a simple process requiring few fabrication steps and offering a high flexibility concerning the resonator design. Additionally the final device should be robust from a mechanical point of view, with high chemical compatibility and good thermal stability and, ideally, the mirrors should not be in contact with the active medium solution avoiding any degradation phenomenon.
A method that may fulfill all these requirements is provided by femtosecond laser micromachining [11] [12] [13] [14] . This is a simple and mask-less technique that allows a 3D fast prototyping thanks to its inherent ability to fabricate buried microstructures in transparent materials. Taking advantage from the high fluence delivered by ultrashort pulses, an extremely localized material modification is made possible with reduced thermal effects. In detail, considering transparent dielectric substrates, this is due to the non-linear effects that occur during light matter interaction, as the pulse width results shorter than typical thermal relaxation time of several materials. In particular, for fused silica glass it as been demonstrated that by playing with the laser fluence it is possible to obtain a smooth increase of the refractive index, hence directly embedded waveguides, as well as internal nano-cracks which basically constitute the skeleton of the microfluidic platform [12] .
The full control of the laser "direct writing" of the chip structure is guaranteed through a computer-controlled advanced micromachining workstation. This Femtosecond Micromachining Technique (FMT) has several advantages over the conventional micro-channel molding: (i) it is very suitable for rapid prototyping; (ii) it has great flexibility since it is resistless and mask-less; (iii) it allows a precise and easy alignment of the entire microfluidic structure, at different depths inside the glass sample.
Since the same tool can be used to fabricate both the microfluidic channels and waveguides in the same glass substrate, it is easy to create monolithic optofluidic chips which are free of misalignment or vibrations during operation. After laser irradiation, the optofluidic circuit is obtained by chemical etching removing selectively the areas modified by the laser spot.
In the next section we will briefly review: the first demonstration of an optofluidic resonator realized by FMT given more than a decade ago [15] and a recently reported optofluidic ring resonator fabricated by femtosecond laser nanofabrication in two glass substrates melted together as post-process [16] . In the third section we will summarize our recent results by coupling FMT with high resolution ink-jet printing to realize low threshold Fabry-Perot resonators in monolithic microfluidic platforms
Previous resonator designs
The first demonstration of an optical micro-resonator fabricated by FMT inside a microfluidic platform has been reported by Midorikawa and co-workers in 2004 [15] . In this work the authors exploited the laser writing technique to integrate in a photo-sensitive glass substrate (Foturan) a micro-resonator cavity with a microfluidic circuit obtaining an optofluidic laser fully embedded in a glass chip. In this case, being the substrate a metal-ions rich structure, a further baking step between the laser irradiation and the chemical etching is required to complete the formation of the modified areas with enhanced etching selectivity [14] . Finally, a post baking of the sample was beneficial for smoothing the internal surfaces of the obtained hollow structures.
The realized device is shown in Fig. 1 . A close inspection of the micro-resonator ( Fig. 1(a) ) reveals a square section chamber built crossing the microfluidic channel necessary to provide the gain medium solution. The optical resonator is realized by four mirrors placed at 45°with respect to the oscillating beam, as depicted in Fig. 1 (c), constituted by empty hollow structures in order to induce total internal reflection at the glass-air interface. Therefore we actually have a ring cavity realized by the four mirrors and the gain medium in the chamber of about 1 mm 2 square section and 200 µm thickness, while the micro-channel in its center has an average diameter of 80 µm. Critical issues in this design are the smoothness of micromirror surface and their reciprocal alignment, since deviation from 45°and mutual orthogonal orientation increases optical losses thus reducing the quality factor of the resonator. On the other hand, in this first demonstration the laser output was detected by exploiting the light leakages tangential to the mirror surfaces as shown in Fig. 1(c) .
The resonator performances were tested using a solution of dye Rh6G in ethanol (2·10 −2 mol/l) pumped by the second harmonic (λ = 532 nm) of a Nd:YAG laser pulse of 5 ns. The authors reported the detection of laser emission at a pump energy density of 16.6 µJ/mm 2 with an emission spectrum above threshold shown in Fig. 2 , where an emission linewidth of about 5 nm can be observed. While the threshold value is quite satisfactory as compared to most optofluidic lasers, the main drawbacks rely on the broad emission band and a poorly efficient output coupling. However it is an important demonstration of the potential of FMT for the realization of optical resonators embedded in glass. Nevertheless only recently interesting comparative works have come out, thanks to the progress and high performances achieved in these years by FMT.
In 2015 the design, fabrication, and characterization of a monolithically integrated optofluidic ring resonator using FMT has been reported [16] .
In this case, the resonator is defined by a ring-shaped channel, that is connected to conventional microfluidic channels necessary to flow the gain medium solution. Again the all components were buried into a glass chip. Sketches of the resonator design are shown in Fig. 3 . The sizes are the following: inner ring radius 150 µm; outer ring radius 170 µm, depth 40 µm.
EXploiting the 3D capability of fmt the microfluidic channels have been connected to the inner ring of the resonator, therefore not affecting the whispering gallery modes and not degrading the Q factor of the cavity. The ring resonator and the microchannels to flow the gain medium were fabricated in two different substrates using laser writing and chemical etching; a third step consisted in fusing the two substrate together in a high temperature furnace in order to get a single monolithic optofluidic platform, shown in Fig. 4 .
This optofluidic laser was tested with a solution of Rhodamine 6G (Rh6G) in quinoline (n = 1.62) as solvent using an optical parametric oscillator as pumping source providing nanosecond pulses at 532 nm.
The characteristic emission is shown in Fig. 5 . Data correspond to lasing of Rh6G in quinoline at concentration of 1·10 −3 mol/l and a flow rate of 3 µl/min. The lasing threshold was found at about 15 µJ/mm 2 with quality factor as high as Q∼3.3·10 4 . These excellent results show the capability of FMT as powerful tool to fabricate optofluidic microlasers with state-of-the-art performances. 
Fabry-Perot resonators
The difficulty in realizing a Fabry-Perot microresonator depends on the critical alignment of the two mirror surfaces with respect to each other and on mechanical stability of such alignment. This is one of the main reasons why all the optofluidic microlaser based on Fabry-Perot cavity, which have been fabricated up to now, could not achieve a high quality factor providing emission linewidth of about 3-4 nm. These lasers were fabricated by coating with a metallic film on the side of microfluidic channel or the edge of the fibers used to collect the signal and using the soft-lithography technique to realize the microfluidic circuit [5] [6] [7] [8] .
It is evident that the alignment problems can be overcome if the cavity is fabricated as a rigid structure embedded in glass, since these problems can be solved during the cavity fabrication, without further need of adjustment. As previously reported, FMT provides the capability of realizing 3D structures completely buried in glass with high geometrical resolution thus fulfilling the above mentioned conditions. Since in this case the conventional coating approach is not possible, obtaining reflective surfaces in the realized structures is not an easy task. The solution is found by using a high resolution ink-jet printing technique in order to provide droplets of metallic ink on the suitable surfaces. In this way two metallic mirrors of controlled reflectivity and different geometry can be obtained in the glass embedded structure, thus realizing the required Fabry-Perot resonator.
The micromachining system used in this case is based on a regenerative amplified mode-locked femtosecond laser (Yb:KGW) with pulse duration of 240 fs at the fundamental wavelength of 1030 nm. The recording second harmonic (515 nm) was working at a repetition rate of 500 KHz and average power of 200 mW in order to get the nanograting writing regime [12] . The laser beam was focused in the bulk of the fused silica substrate to create a 3D structure by fine scanning of the sample, with resolution of 100 nm. The following step was chemical etching (HF acid, 20%, 35°C, 3-4 hours) to wash out the irradiated areas and create the microfluidic circuit. In this way different geometrical configurations have been realized. In the first one, depicted in Fig. 6a , two square section empty basins were fabricated on opposite sides of the microfluidic channel to realize a resonator with axis perpendicular to the gain medium flow (transversal cavity). In the second configuration (Fig. 6b ) the empty basins were built close to the edges of the microchannel in order to realize the laser cavity along the gain medium flow (longitudinal cavity).
In both cases the final step was the completion of the mirrors fabrication. At this purpose an inkjet printer was used to provide droplets of silver organic ink on one surface of each basin through the previously realized open inlet for the optical fiber. The mirror reflectivity was adjusted by controlling the total volume of the ink droplets in such a way to get a high reflectivity mirror (∼95%) and an output mirror with reflectivity in the range 65%-95%. As final treatment the sample was heated at 150°C for 5 minutes on an hotplate, to let the solvent evaporate and obtain a solidified thin metallic layer.
The final device is completed by integration of an optical fiber close to the output mirror and two microtubes for inlet and outlet of the fluid gain medium. All the correspondent channels were made with conical shape in order to ensure best alignment during integration. Microscope photographs of the realized resonators are shown in Fig. 6 and typical final chips are shown in Fig. 7 .
The performances of the Fabry-Perot resonators as laser sources were tested using as gain medium Rh6G in ethanol at concentrations in the range 1 · 10 −2 to 1 · 10 −4 mol/l and constant flow of 3.3 µl/min. Pumping was provided by the Second Harmonic of a pulsed Nd-YAG laser at 532 nm and pulse duration ∼ 5 ns. The signal collected by the optical fiber next to the output mirror was analyzed by a spectrometer with resolution of 0.13 nm. Different focusing geometries were used for the case of transversal and longitudinal cavities respectively in order to optimize overlapping of the pump beam spot with the gain medium volume in the optical resonator. The power of the pump beam was finely controlled by rotating a halfwave plate placed before a polarizer and by neutral density filters. A reference beam was detected by a calibrated photodiode in order to measure the pumping energy of each pulse.
A sketch of the experimental apparatus used for testing the optofluidic laser performances is reported in Fig. 8 The performances of the optofluidic microlaser based on the transversal cavity are reported in Figs. 9-10. The lasing effect is clearly observed in the emission spectrum showing a peak growing over the fluorescence above a threshold for the energy of the pumping pulse. Such a threshold behavior (signature of the onset of the laser emission) is highlighted by plotting the full width at half maximum (FWHM in Fig. 10a ) and the output signal (Fig. 10b ) versus the energy density of the pumping pulse.
We observe a line width of about 2.5 nm above a threshold of 350 µJ/mm 2 . these results are interesting since they demonstrate the possibility of realizing an optofluidic microlaser based on Fabry-Perot resonator using the above described technology, however the threshold looks high with respect to previous examples of optofluidic lasers based on fabry-perot cavity while the linewidth is of the same order of magnitude. On the contrary the performances of the longitudinal cavity are very good for a simple fabry-perot resonator since they show a quality factor Q ∼ 10 3 [17] . In this case using Rh6G in ethanol as active medium at a concentration of 5·10 −3 mol/l we get a threshold even below 2 µJ/mm 2 and a laser line width of ∼0.5 nm as shown in Figs. 11-12 . These results show a behavior extremely better than any previously realized optofluidic laser based on FabryPerot resonator. On the other hand these performances also overcome the ones of many other optofluidic laser for what concern the pumping threshold, that is a critical parameter for practical applications of this device. In fact most of the state-of-the-art optofluidic lasers manifest a threshold at least one order of magnitude higher than the one presented here. This result has been made possible by the larger gain volume due to the extended cavity length (1.55 mm) and by the precise fabrication technique offered by FMT allowing the required alignment of the two cavity mirrors.
Conclusions
We have presented different optofluidic laser resonators realized by FMT pointing out the great flexibility of this 3D technique to design and fabricate different kind of optical cavities. We have shown that devices with excellent performances can be realized both as ring shaped and FabryPerot resonators. The addition of the inkjet printing technique provides further opportunities in realizing optofluidic chips. The realized Fabry-Perot resonator fully embedded in glass achieved record performances with respect to any other optofluidic laser based on this cavity configuration. In fact the emission bandwidth of ∼0.5 nm of the longitudinal cavity has to be compared to emission linewidth of 3-4 nm previously reported for optofluidic laser based on Fabry-Perot cavity. This result is due to the fabrication method allowing good and robust mirrors alignment during the femtosecond laser writing process. Moreover the threshold of 2 µJ/mm 2 is hardly obtained also with other cavity configurations. These performances are stable in time and can be found again checking the laser operation after several days. In conclusion the FMT approach allows realizing robust devices through an easy fabrication method avoiding multistep and complex procedure, thus fulfilling one major requirement of lab-on-chip technology.
